Abstract. We present an energetically autonomous robotic tadpole that uses a single membrane component for both electrical energy generation and propulsive actuation. The coupling of this small bio-inspired power source to a bio-inspired actuator demonstrates the first generation design for an energetically autonomous swimming robot consisting of a single membrane. An ionic polymer metal composite (IPMC) with a Nafion polymer layer is demonstrated in a novel application as the ion exchange membrane and anode and cathode electrode of a microbial fuel cell (MFC), whilst being used concurrently as an artificial muscle tail. In contrast to previous work using stacked units for increased voltage, a single MFC with novel, 0.88ml anode chamber architecture is used to generate suitable voltages for driving artificial muscle actuation, with minimal step up. This shows the potential of the small forces generated by IPMCs for propulsion of a bio-energy source. The work demonstrates great potential for reducing the mass and complexity of bio-inspired autonomous robots. The performance of the IPMC as an ion exchange membrane is compared to two conventional ion exchange membranes, Nafion and cation exchange membrane (CEM). The MFC anode and cathode show increased resistance following inclusion within the MFC environment.
Introduction
When compared to natural organisms, conventional rigid-body robots are notably inferior in their ability to operate in varied and unpredictable environments for prolonged periods of time. Complex multi-component systems with low mechanical compliance are ill-equipped to deal with the irregularities that characterise most real world environments. Furthermore, the dependency of conventional power sources severely limits the range of operation of autonomous robots. Consequently, biomimickry has become a driving feature in the design of autonomous systems. The goal is to develop robots which are more robust and adaptable, while being simpler in their construction than current multicomponent systems.
We present a robot that uses a single, soft component for both propulsive actuation and power generation fuelled by raw, natural substrates. The work demonstrates a major step towards the development of artificial animals by bridging the crucial gap between a bio-inspired energy source and a bio-inspired actuator. Furthermore, the novel use of soft materials as multifunctional components shows great potential for systems capable of robust operation in unstructured environments through low system complexity.
The use of soft artificial muscles, including those comprising electro-active polymers (EAPs), to emulate the soft physical mechanisms of natural organisms, allows greater adaptability to irregular environments, low mass to power ratios and good thermodynamic efficiency compared to conventional electromechanical actuators [13] . Among these, ionic polymer metal composites (IPMCs) are capable of significant actuation at low voltages (1-3V) due to induced ionic migration within a polymer layer when a potential is applied across it. Previous work has documented their use in applications such as biomimetic propulsion in small, soft robots [7] & [16] , soft compliant mechanical grippers and stents [9] due to high biocompatibility and as a diaphragm in a micro-pump for medical applications [2] . Nafion is widely used as the polymer layer of an IPMC due to its high ionic conductivity. It is commercially available as both thin sheets and as a castable liquid, and offers geometric versatility in fabrication.
Previous work has also documented the use of Nafion as an ion exchange membrane in microbial fuel cells (MFCs) [11] , a bio-inspired means of electricity generation using the redox reaction during microbial anaerobic respiration. MFCs convert the chemical energy stored in raw decomposing organic matter to electrical energy. This technology presents a promising option for self powering autonomous robots as well as wearable energetically-autonomous devices, and emulates the foraging behaviour of natural organisms. Past work has used MFCs as 'artificial stomachs' to power the sensor and actuator systems of autonomous robots [5] . However, these robots have previously comprised large stacks of MFCs to multiply the low redox potential of MFCs. The theoretical maximum open circuit voltage is 1.14V [8] , with real systems producing significantly lower operating voltages. While the low voltages associated with MFCs are ideal for the actuation of IPMCs, past work showing the combination of these technologies uses energy generation hardware far greater in physical size than the actuator stage of the system [4] . Therefore, this work seeks to explore the combined potential of these technologies for bio-inspired, bio-compatible, environmentally robust, systems such as biologically interfacing devices and autonomous robots by implementing them at a more complementary scale, in an artificial organism.
This investigation considers the ability of a single Nafion membrane to function simultaneously as an ion exchange membrane in an MFC and as a soft robotic actuator in a first generation design for an autonomous robotic tadpole (Figure 1) . We evaluate the efficacy for ion exchange in an MFC of a Nafion 112 (Dupont) membrane, compared to an IPMC with a Nafion 112 polymer
